Abstract-The growth-inhibiting and binary joint effects of 12 antibacterial agents on the freshwater green alga Pseudokirchneriella subcapitata (Korschikov) Hindák were investigated over 72-h exposures. The toxicity values (the median inhibitory concentration value, in micromoles) in decreasing order of sensitivity were triclosan (0.0018) Ͼ triclocarban (0.054) Ͼ roxithromycin (0.056) Ͼ clarithromycin (0.062) Ͼ tylosin (0.20) Ͼ tetracycline (2.25) Ͼ chlortetracycline (3.49) Ͼ norfloxacin (5.64) Ͼ sulfamethoxazole (7.50) Ͼ ciprofloxacin (20.22) Ͼ sulfamethazine (31.26) Ͼ trimethoprim (137.78). Several of these antibacterial compounds would be toxic at the micrograms per liter concentrations reported in surface waters and sewage effluents. Simple additive effects were observed in binary mixtures of sulfonamides, and most tylosin, triclosan, or triclocarban combinations. Potentially synergistic effects were observed in binary mixtures of the same class, such as macrolides, tetracyclines, and fluoroquinolones, as well as in some combined drugs, such as trimethoprim and sulfonamides or tylosin and tetracyclines. Potentially antagonistic effects were only observed between tylosin and triclocarban, triclosan and norfloxacin, and triclocarban and norfloxacin. Although present at low concentrations in the aquatic environment, mixtures of these antibacterial agents can potentially affect algal growth in freshwater systems due to their combined action.
INTRODUCTION
Pharmaceuticals and personal care products, which include all human and veterinary drugs, dietary supplements, and other consumer products, are emerging contaminants of concern [1] . Among these pharmaceuticals and personal care products, antibacterial agents (or antimicrobials or antibiotics) are one of the most widely used groups, not only for human and veterinary medication but also for livestock and aquaculture growth promotion [2] . After normal application, 50 to 90% of these compounds and/or their metabolites are eliminated from the body, mainly through urine and feces, which then enter the environment indirectly through sewage treatment plants or directly through fertilizer application to agricultural land [3] . Moreover, research has indicated that approximately 70 to 80% of drugs administered in fish farms end up in surface water or sediment [4] .
Antibacterial agents have frequently been detected in wastewater effluents, surface waters, and ground waters at low micrograms to nanograms per liter concentrations [5] [6] [7] [8] [9] [10] [11] [12] [13] . While antibacterial agents at such low concentrations are probably not pharmacologically active to humans, they might be potential micropollutants in aquatic ecosystems. Deleterious effects on sensitive organisms can occur due to chronic exposure to low concentrations of these chemicals, e.g., emergence of resistant bacteria [4] . They may also have direct toxic effects on plants and animals through their bioaccumulation and/or transfer through food chains [14] .
Photoautotrophic microalgae, as primary producers, play an important role in the structure and functioning of the whole aquatic ecosystem. Limited toxicity data available in the literature show that microalgae are more sensitive than crustaceans and fish to antibacterial agents such as triclosan and ciprofloxacin [15] [16] [17] . Some antibacterial agents used as veterinary drugs have also been tested for their toxicity to microalgae such as Selenastrum capricornutum (now called Pseudokirchneriella subcapitata), Microcystis aeruginosa, Tetraselmis chuii, and Chlorella vulgaris [17] [18] [19] [20] . However, antibacterial agents found in the aquatic environment usually occur as mixtures, not as a single substance. Very limited data on the joint toxicity of antibacterial compounds is available in the literature. Recently, there has been growing concern that antibacterial residues in the aquatic environment could have a negative impact on microbial processes, with consequent effects on the whole ecosystem. Therefore, toxicity studies on different classes of antibacterial agents, as well as their mixtures, are urgently required to assess their potential impact on aquatic ecosystems.
In the present study, we investigated the effects of 12 antibacterial agents and their binary mixtures on the growth of the freshwater green alga P. subcapitata. Antibacterial agents tested in the present study included the diphenyl ether derivative triclosan, a carbonyl compound (triclocarban), a pyrimidine (trimethoprim), two sulfonamides (sulfamethazine and sulfamethoxazole), two tetracyclines (chlortetracycline and tetracycline), two fluoroquinolones (norfloxacin and ciprofloxacin), and three macrolides (tylosin, roxithromycin, and clarithomysin).
Antibacterial agents were selected from seven classes (Table 1). These agents were triclosan (with a purity of 98%), triclocarban (98%), norfloxacin (98%), ciprofloxacin (98%), tetracycline (98%), chlortetracycline (98%), trimethoprim (96%), sulfamethazine (98%), sulfamethoxazole (98%), tylosin (89%), clarithromycin (95%), and roxithromycin (96%), which were purchased from Nanjing DeBioChem (Jiangsu, China). All inorganic chemicals used in preparation of the test media were analytical grade (Guangzhou Chemical Factory, Guangdong, China). Stock solutions of each antibacterial compound were prepared in the test media at concentrations of 100 mg/L, except for triclosan and triclocarban, which were prepared at 1,000 mg/L in methanol.
The freshwater unicellular green alga P. subcapitata (Korschikov) Hindák was obtained from the Algae Culture Collection (Institute of Wuhan Hydrobiology, Chinese Academy of Sciences, Wuhan).
Growth inhibitory bioassays
Growth inhibition tests (72-h exposure) followed the Organisation for Economic Cooperation and Development's test guideline 201 with minor modifications [21] . The nutrient medium was prepared in accordance with the protocol and was autoclaved at 121ЊC for 20 min. Algal toxicity tests were carried out in 250-ml conical flasks containing 100 ml of algal culture. Each flask was sterilized and covered with a perforated paper to avoid contamination and evaporation but allow gas exchange. Both control and test flasks were inoculated with exponentially growing algae at an initial concentration of approximately 1.0 · 104 cells per ml. The cultures were incubated at 23 Ϯ 2ЊC, under continuous illumination (4,000 lux, coolwhite fluorescence) and with continuous mixing at 150 rpm using a rotator shaker (Sukun SKY-211BG, Shanghai, China). Yield of algal cells was calculated indirectly by measuring the optical density of the cell suspension at a wavelength of 442 nm using a Helios Alpha spectrophotometer (Thermo Spectronic, Cambridge, UK). A linear relationship for the algal species was used to calculate biomass from optical density of cell suspension. The cell concentration (biomass used as the end point) was determined at 24, 48, and 72 h after the start of each test. The pH was measured at the beginning of each test and at 72 h. Negative controls (blank test media), positive controls (copper solutions), and solvent controls (trace methanol, Ͻ0.1%) were tested alongside the test solutions. The concentrations used in the tests were nominal concentrations, not measured by instruments.
Inhibitory effects of individual antibacterial
The first experiment was conducted to determine the toxicity of each antibacterial to P. subcapitata. First, a rangefinding test, which consisted of five concentrations of each test substance in a geometric series (common ratio ϭ 10) and negative controls, was carried out to determine the approximate the median inhibitive concentration (IC50). The rangefinding test was conducted in duplicate. Second, a definitive test was carried out with five to six concentrations of each test substance in a geometric series (common ratio ϭ 2) with negative controls, based on the results of the range-finding test. The definitive test for each compound at the selected concentrations and negative controls was made using triplicate test solutions.
Inhibitory effects of antibacterial mixtures
The experimental design for the mixture effects analysis was based on the toxic unit (TU) concept (TU ϭ C/IC50, where C is the toxicant concentration in the mixture). The sum TU of a mixture was calculated by summing the ratios of the concentrations of each antibacterial agent in the mixture divided by its IC50 when present alone. Nominal concentrations of the binary mixtures were diluted on an equitoxic basis to give six toxicant concentrations (sum TU at 0.1, 0.2, 0.4, 0.8, 1.6, and 3.2), where testing at each TU was done in triplicate. Three groups of binary mixtures were tested. The first group of mixtures consisted of substances of the same class, the second group of mixtures was combined drugs commonly used together, and the third group of mixtures was those from different classes, of which one is widely detected or toxic in the aquatic environment. In addition, mixtures of 12 antibacterial agents on algal growth inhibition were investigated at concentrations of 0.001, 0.01, 0.1, 1, and 10 g/L for each compound. The definitive test for each mixture at the selected concentrations and negative controls was replicated three times. The expected inhibition rates for the mixtures of 12 compounds were calculated based on response to the addition of individual compounds.
Statistical analysis
The IC50 values of antibacterial agents were calculated by plotting the log concentration of antibacterial versus algal cell counts using an IC50 calculator program developed by the Commonwealth Scientific and Industrial Research Organisation (CSIRO, Adelaide, SA, Australia) [22, 23] . After the data had been tested for normality and homogeneity of variance, the no observed effect concentration (NOEC, the highest concentration to cause no significant effect on algal growth) and the lowest observed effect concentration (LOEC, the lowest concentration to cause a significant effect on algal growth) were estimated using SAS version 8.2 (SAS, Cary, NC, USA) using Dunnett's multiple comparison test to determine which treatments differed significantly from the controls (one tailed, p Յ 0.05).
RESULTS AND DISCUSSION

Toxicity of individual antibacterials to P. subcapitata
Algal growth inhibition tests (72 h) of 12 antibacterial agents on P. subcapitata under the conditions described earlier were performed following the Organisation for Economic Cooperation and Development's guideline. The average counts of algal cells in the control ranged from 4.59 ϫ 10 5 to 9.41 ϫ 10 5 cells per meter, an increase of 46 to 94 times after a 72-h exposure, meeting the criteria of at least a 16-fold increase in cell numbers over 3 d for test acceptability [21] . Measured pH values of the media ranged from 7.72 to 8.65 during the 72-h exposure, within the maximum 1 pH unit increase for test acceptability [21] . In addition, no trace solvent effect was observed during the algal growth inhibition tests in the case of triclosan and triclocarban.
Interestingly, at concentrations lower than LOEC or near NOEC, stimulatory effects were occasionally observed for some compounds (Table 2 ). This may be due to hormesis (toxicant stimulation) or due to the addition of stimulating growth factors with the test material in the minimal medium used [21] .
Toxicity of antibacterial agents to algae Environ. Toxicol. Chem. 27, 2008 1203 The IC50, NOEC, and LOEC values determined are listed in Table 2 . All investigated antibacterial agents were found to be toxic to the green alga. Triclosan was the most toxic antibacterial compound to P. subcapitata, with a 72-h IC50 of 0.53 g/L. This was lower than the 72-h IC50 found for another freshwater green alga, Chlorella sp. (73 g/L) (Ying, Adams, and Stauber, unpublished data, CSIRO, Sydney, NSW, Australia). For comparison of relative toxicity among various chemicals, it is more appropriate to use micromoles to express the IC50 values ( Table 2 ). The toxicity order when using micromoles was as follows: triclosan Ͼ triclocarban Ͼ roxithromycin Ͼ clarithromycin Ͼ tylosin Ͼ tetracycline Ͼ chlortetracycline Ͼ norfloxacin Ͼ sulfamethoxazole Ͼ ciprofloxacin Ͼ sulfamethazine Ͼ trimethoprim. These data are similar to the limited IC50 values reported in previous studies using P. subcapitata growth inhibition [18, 19] . For example, the reported IC50 value was 1.4 g/L for triclosan [15] , 2 g/L for clarithromycin [17] , 0.95 to 1.38 mg/L for tylosin [18, 24] , 1.1 to 2.97 mg/L for ciprofloxacin [16, 25] , 16.6 mg/L for norfloxacin [19] , 2.2 mg/L for tetracycline [18] , 3.1 mg/L for chlortetracycline [18] , 1.5 mg/L for sulfamethoxazole [19] , and 80.3 to 130 mg/L for trimethoprim [19, 25, 26] . However, lower IC50 values were also reported for sulfamethoxazole: 146 g/L (4-d static) [27] and 520 g/L (3-d static) [17] . No literature data were found for triclocarban, roxithromycin, and sulfamethazine for P. subcapitata.
The compounds investigated in the present study represent different classes of antibacterial agents (Table 1) . Among them, triclosan and triclocarban are the active ingredients widely used in several antibacterial soaps on the market and some household and hospital disinfectant products [28] . Reported concentrations of triclosan are up to 2.7 g/L in sewage treatment plant effluents and 2.3 g/L in streams [5, 11, 13, 29] . The present study demonstrated that triclosan could have strong growth inhibitory effects on algae at these environmentally relevant concentrations (sub-g/L levels). Triclosan interferes with fatty acid synthesis, which is necessary for the production of cell membranes [30] . Triclocarban has been detected in surface waters in the United States at concentrations of up to 6.75 g/L [9] , which is only slightly less than the value of 17.5 g/L for 50% inhibition algal growth rate (the present study). Triclocarban, a carbanilide, is a membrane-active compound that can interrupt the function of interstitial proteins and cause alterations to semipermeable membranes, with the consequent discharge of ions and organic molecules ( [31] ; ec.europa.eu/health/phrisk/committees/04 sccp/docs/sccpo016.pdf).
Macrolides such as tylosin, clarithromycin, and roxithromycin are widely administered to farm animals to control intestinal and respiratory infections. Concentrations up to several micrograms per liter have often been detected in sewage treatment plant effluents and rivers [5] [6] [7] 10, 12] . The results of the present study indicate that macrolides were of moderate toxicity and may pose a potential risk to green alga in aquatic systems. Macrolides inhibit the growth of prokaryotes by binding to the subunit 50S ribosome, inhibiting the translocation of peptides and interfering with protein synthesis [32] . However, its mechanism of toxic action on eukaryotes is unclear and needs further research. Antimicrobials are suspected to block activity of the apicomplexan plastid [33] . All plastid organelles arose from the engulfment of an endosymbiotic cyanobacterial-like prokaryotic cell by a larger eukaryotic cell, referred to as the primary endosymbiotic event, generating algae, plants, and glaucophytes [33] .
Tetracyclines, fluoroquinolones, sulfonamides, and trimethoprim were less toxic to P. subcapitata, with IC50 values greater than 1,000 g/L. Such high concentrations of these antibacterials are unlikely to be found in surface waters or sewage effluents, which more typically contain sub-microgram per liter concentrations [5] [6] [7] [8] 12, 34] . Tetracyclines interfere with protein synthesis by inhibiting action of the prokaryotic 30S ribosome and binding aminoacyl-transfer RNA [35] . Fluoroquinolones interfere with DNA synthesis, blocking bacterial DNA replication by binding itself to an enzyme called DNA gyrase, thereby causing double-stranded breaks in the bacterial chromosome [36] . Sulfonamides and trimethoprim act by interfering with folic acid synthesis. Sulfonamides inhibit normal bacterial utilization of para-aminobenzoic acid for the synthesis of folic acid, an important metabolite in DNA synthesis. Trimethoprim interferes with the action of bacterial dihydrofolate reductase, inhibiting synthesis of tetrahydrofolic acid [19] .
Mixture effects
To assess potential mixture effects of antibacterial agents, a sum TU approach was used [37] . The joint effect is described as follows: if a mixture having a sum TU ϭ 1 Ϯ 0.2 produced 50% growth inhibition, the mixture toxicity is simply additive (concentration addition), whereas TU Ͻ 0.8 represents potential synergism (more than additive) and TU Ͼ 1.2 indicates potential antagonism (less than additive) [38] . The IC50 values (expressed as sum TU) and mixture effects determined in the present study are shown in Table 3 .
A simple additive effect was observed for the binary mixtures of sulfonamides. Surprisingly, potential synergistic effects were observed for most other binary mixtures of the same class of antibacterials, such as macrolides, tetracyclines, and fluoroquinolones. Compounds from the same class often have the same toxic sites and similar modes of action; thus, concentration addition would be expected for the joint toxicity of similarly acting toxicants [37] . However, our results suggest that this is not the case. It is possible that potential synergism was due to the toxicokinetics of the antibacterials; e.g., one compound sequesters metabolic enzymes that normally metabolize the other compound, allowing greater effects due to more of the compound reaching its target site. Another possible explanation is the formation of degradation products from the parental macrolides, tetracyclines, and fluoroquinolones during the 72-h exposure period, particularly under the test high-light conditions. Decreases in concentrations of oxytetracycline and tylosin were observed during algal toxicity tests, but no significant change was found for sulfa drugs [19] . Although there is no environmental study on photochemistry of fluoroquinolones, the study by Fasani et al. [39] suggests that fluoroquinolones are a photochemically reactive class of compounds. Their degradation products might be involved in the combined effects on the algae, which makes interpretation of the toxic action of the binary mixtures difficult.
Two antimicrobial agents are sometimes administered to animals together as a combined drug. For example, trimethoprim is commonly used in combination with sulfonamides in veterinary medicine [40] . Tylosin and tetracyclines are usually used together in intensive farming [18] . In the present study, potential synergistic effects were observed for the binary mixtures of trimethoprim and sulfonamides and the binary mixtures of tylosin and tetracyclines. It is consistent with the expectation that combined drugs could exhibit synergistic influ-Environ. Toxicol. Chem. 27, 2008 L.H. Yang et al. ence beyond their individual influences. Trimethoprim-sulfonamide combinations may result in a synergistic effect by inhibiting successive steps in folate synthesis, whereas tylosintetracycline combinations may interfere with protein synthesis.
In addition, as wildlife is exposed not to a single compound but simultaneously or sequentially to multiple mixtures of chemicals, the present study investigated joint effects of binary substances of which one is frequently detected or more toxic to algae at low concentrations in the aquatic environment. Triclosan, triclocarban, and tylosin were therefore chosen in the present study. The results suggested that most binary mixtures were simple additive, while tylsoin-triclocarban, triclosan-norfloxacin, and triclocarban-norfloxacin were possibly slightly antagonistic and sulfamethazine-norfloxacin and chlortetracycline-norfloxacin were slightly synergistic. Compounds of a heterogeneous mixture often have different toxic sites and dissimilar modes of action such that concentration addition may not be expected [37] . Under such circumstances, joint toxic effects are complex. However, it has been found that these chemical mixtures with different modes of action can partially act together in a nearly additive fashion to produce the joint toxicity effects to algae [41, 42] . These data are only preliminary, and it is recognized that repeat testing and careful chemical analyses would be necessary to establish that these interactive effects occur consistently at these exposure concentrations.
Algal growth inhibition effects were also found for the mixture of 12 antibacterial agents at a series of environmentally relevant concentrations ( Table 4 ). The results showed that algal growth was significantly inhibited (23% inhibition) at a concentration as low as 0.1 g/L for each substance, which is even lower than the NOEC of triclosan (0.2 g/L). This suggests that antibacterials in the aquatic environment, although at relatively low concentrations, may still cause toxic effects on algae due to the combined action of antibacterial mixtures present in the environment. At concentrations of 1 or 10 g/L, antibacterial mixtures showed antagonistic effects as indicated by the lower inhibition rates than the corresponding expected inhibition rates (Table 4) . From the table, it can also be seen that the sum TU IC50 was close to 20. When the sum TU increased from 0.2 to 2 (an order of magnitude), there was essentially no change in toxicity. Among the 12 compounds, triclosan played a major role, accounting for 95% of the sum TU; the first 4 compounds (triclosan, triclocarban, roxithromycin, and clarithromycin) made up 99.6% of the sum TU. Therefore, it is unlikely that the other 8 compounds had effect.
Joint effects have been widely studied on various chemical mixtures, such as heavy metals, pesticides, and herbicides [43] [44] [45] [46] [47] . Concentrations of 18 triazines statistically estimated to elicit nonsignificant effects of only 1% were shown to contribute to the overall toxicity of multicomponent mixtures as a result of concentration addition [48] . To the best of our knowledge, there are few published data on antibacterial agent mixtures except the preliminary study of joint effects between trimethoprim and sulfa drugs [19] . Joint effects of binary antibacterial agents in the present study are only preliminary, Environ. Toxicol. Chem. 27, 2008 L.H. Yang et al. a TU ϭ toxicity unit; SD ϭ standard deviation (n ϭ 3). b Calculated based on response addition of individual compounds in Table 2 , as reported by Olmstead and LeBlanc [49] . At the concentrations of 0.001, 0.01, and 0.1 g/L, the expected inhibition rates of the mixture were 0, as the concentrations were all below the no observable effect concentration (NOEC) of each compound. At the concentration of 1 g/L, the inhibition rates for each compound were 0-except for triclosan, with an inhibition rate of 97% (single effect); therefore, the expected inhibition rate of the mixture was 97%. At the concentration of 10 g/L, the inhibition rates of triclosan and triclocarban (single effect) were 100 and 14%, respectively; the contributions from the other 10 compounds were 0, as the concentration was below their NOEC. Therefore, the expected inhibition rate for the mixture at the concentration of 10 g/L was 100%. c Significantly different from the control ( p Յ 0.05).
and further research is needed to better understand and assess the interaction and toxicity of these antibacterial mixtures, especially at low, environmentally relevant concentrations.
CONCLUSION
The effects of 12 antimicrobial agents on the growth of the green alga P. subcapitata over 72-h were determined. Triclosan was the most toxic antibacterial compound, and significant effects on algal growth would be expected at the concentrations reported in surface waters, particularly those affected by sewage effluents. Triclocarban and macrolide antibiotics were of moderate toxicity and might pose some risk to sensitive algal species in freshwaters, while tetracyclines, fluoroquinolones, sulfonamides, and trimethoprim were unlikely to be toxic to algal growth at concentrations reported in freshwaters.
A sum TU approach was used to assess the joint effects of binary antimicrobial agent mixtures. Simple additive effects were found for the binary mixtures of sulfonamides and most tylosin, triclosan, or triclocarban combinations. Potential synergistic effects were observed for the binary mixtures of the same class, such as macrolides, tetracyclines, and fluoroquinolones, as well as the combined drugs, such as trimethoprim and sulfonamides or tylosin and tetracyclines. Potential antagonistic effects with binary mixtures were only observed for the mixtures of tylosin and triclocarban, triclosan and norfloxacin, and triclocarban and norfloxacin. The large antagonistic effects were observed from the 12 antibacterial agent mixtures. Due to their potential combined action, mixtures of antibacterials can cause toxic effects on algae, even when present at low concentrations in the aquatic environment.
